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FOREWORD 

The Administrator of the National Aeronautics and Space Administration 
has established a technology-utilization program for “rapid dissemination of 
information . . . on technological developments. . . which appear to be useful 
for general industrial application.” From a variety of sources, including 
NASA Research Centers and NASA contractors, space-related technology is 
collected and screened, and that which has potentiai industrial use is made 
generally avaiiabie to American industry. IriforIIiatioii devebped in the 
Nation’s space program includes the latest developments in materials, proc- 
esses, products, techniques, management systems, and analytical and design 
procedures. This publication is part of a series intended to provide such 
technical information. 

This report covers the results of experimental work conducted by Republic 
Aviation, Incorporated, and Advanced Kinetics, Incorporated, on magnetic 
coil design and development for NASA. I t  was prepared by Daniel E. 
Strohecker, Alfred F. Leatherman, and George T. Ruck of Rattelle Memorial 
Institute, from material supplied by Marshall Space Flight Center. A method 
of using electromagnetic forces for removing the distortion from welded com- 
ponents has been under investigation at George C. Marshall Space Flight 
Center and by NASA contractors. The method consists of using a pancake 
electromagnetic coil driven by electric-discharge equipment to correct distortion 
in metal components such as welded rocket fuel tanks, gore segments, and bulk- 
heads. The process is unusual in that no tooling other than the magnetic coil 
is required. I n  a typical application the magnetic hammer has been used to 
smooth out distortions in fuel tank domes for the giant Saturn V launch vehicle. 

The Director, Technology Utilization Division 
Notional Aermutics nnd Space Administration 
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INTRODUCTION 

Distortion of fabricated components, result- 
ing either from processing or handling, has 
been a problem for manufacturers of both mili- 
tary hardware and commercial products. At- 
tempting to  remove distortion caused by 
welding is usually a time-consuming hand-labor 
operation. The experimental electromagnetic 
hammers described in this report are useful tools 
for the removal of distortion by bending or 
stretching the part to  the desired contour. The 
electromagnetic hammer can apply a fairly uni- 
form, controlled pressure over an area corre- 
sponding to the size of the coil and can thereby 
correct shapes without a die. 

The electromagnetic hammer, so called be- 
cause it can be used in place of a hammer, con- 
sists of five essential parts: a power source, 
capacitors for storing energy, switches, trans- 
mission lines, and a magnetic coil. Since suf- 
ficient information on the first four items is 
available in trade literature, the primary em- 
phasis of this report is on the magnetic coil. h 

brief description of energy storage and trans- 
mission technology is included in the Appendix 
to give some background. 

A typical coil consists of a spirally wound 
and insulated heavy conductor. The coil shown 
in figure 1 (ref. 1) was wound with glass fabric 
insulation and encapsulated in epoxy resin. It 
was then mounted in a holder which is used to 
position the coil with respect to the work sur- 
face. The holder may also be used to absorb 
the recoil from the hammering operation. 

The purpose of this report, is to provide R 

definitive description of experimental elec- 
tromagnetic hammers, set forth preliminary 
operational characteristics found by NASA con- 
t.ractors, and present in sufficient detail the con- 
structional lines followed so that others may 
experiment with the electromagnetic hammer 
for further development and new applications. 
Another objective of this summary is to stimu- 
late further investigntion and development of 
magnetic hammers through the dissemination 
of preliminary experimental information. 
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Figure 1 .-Four-inch, 1 O-turn aluminum-encased coil assembled 
with pneumatic damping cylinder (ref. 1 I. 

PRIOR STATE OF THE ART 

The use of electromagnetic forces to drive ma- 
chinery is quite old. The direct application of 
electromagnetic forces for metalworking is, 
however, a recent innovation of old principles. 
The development of this field has been pro- 
nounced over the last 10 years because of new 
capabilities in storage and rapid release of elec- 
trical energy. patent on a “Metal Forming 
Device and Method” was issued to G. W. Har- 
vey in the United States in Mnrch of 1961 (ref. 
2 ) .  Figure 2 shows a magnetic coil and applica- 
tion which was disclosed for magnetic forming 
in this patent. The patent rights were assigned 
to General Dynamics Corporation, New York, 
N.Y. (GD). 

Electromagnetic forces have been a useful it001 
of man since their inception and are now com- 
monplace in our homes and factories in motors, 
generators, and selenoids. New uses for electro- 
iimgiie;im ;iic\e ‘been dependent on the develop- 
ment, of stronger magnetic fields. As an out- 
growth of controlled fusion experiments under 
the Atomic Energy Commission’s Project Sher- 
wood (ref. 3) and independently by Furth and 
Waniek (ref. 4) at Harvard Cyclotron L:Lbora- 
tory in :bout 1954, high-intensity ni:tgnetic 
fields became a reality. ,ibout8 the same time, 
considerable interest, in higli-velocity forming of 
metals was aroused in the aerospace industry. 
The need for better methods for fabricating new 
high-strength materials was the main driving 
force behind this development. 

T t  w s  natural, therefore, that electi-omagnetic 
forces sliould become one of the prime energy 
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Figure 2.-Pancake coil for electromagnetic forming of sheet 
described in a U.S. patent (ref. 1). 

sources of interest for high-velocity metal-f orm- 
ing operations. I n  1958 GD manufaatured and 
marketed the first commercial electromagnetic 
metalworking equipment which could be used 
for swaging tubing and making mechanical con- 
nections on coaxial electrical cable. Certain 
features of magnetic forming such as the ab- 
sence of contact wit.h the workpiece, friotion, 
fluids, valves, and moving parts made the 
process very attractive for space applications. 
Robert Schwinghamer visualized the potentials 
of the process and undertook additional research 
on new applications both at  NASA Marshall 
Space Flight Center and at laboratories of 
NASA contractors. The development of the 
electromagnetic hammer is one of the results 
of this research effort. Models of electromag- 
netic hammers have been investigated under 
NASA programs by both Republic Aviation 
Corporation (RAC) , under the leadership of 
G. Pfanner (ref. 1) , and by Advanced Kinetics, 
Incorporated (AK) , under the direction of 
Dr. R. W. Waniek (ref. 5). The investighons 
conducted in the latter two programs were lim- 
ited to the development of electromagnetic coils 
for removing distortion from welded rocket fuel 
tanks. The method has also been applied to 
removing distortion from gore segments and 
bulkheads in work conducted at  MSFC. The 
potential scope of application is believed to  be 
much larger. 

METAL DEFORMATION BY ELECTROMAG- 
NETIC-HAMMER TECHNIQUES 

The material to be deformed must be consid- 
ered as part of the total system in magnetic 



forming since its characteristics can materially 
change the amount of deformation for a given 
amount of stored energy. The conductivity of 
the material will determine the effectiveness of 
energy conversion to magnetic forces. As the 
conductivity of the material is decreased, energy 
losses take place due to heating of the work- 
piece. Consequently, a more conductive mate- 
rial such as copper or aluminum will be de- 
formed more at the same energy level than will 
a low-conductivity metal like stainless steel. 
The magnetic hammer cannot be used directly 
on nonconductive workpieces. 

Factors important in using the electromag- 
netic hammer have been investigated by AI(, 
by work with 3.9-, 7.9-, and 11.8-inch-diameter 
coils (ref. 5). In addition, three coils with in- 
duotances of 0.37,3.4, and 2.3 ph and a diameter 
of 3.9 inches were used. The coils were con- 
nected to a 150-pf capacitor bank with an in- 
ternal 0.15-ph inductance for all test results pre- 
sented here. T i e  pia&ic-dt&&fiii dah f r c z  
niagrieiic forriliiig were obts,ir,ed using R free- 
forming tool where the diameter of the tool 
was larger than the diameter of the magnetic 
coil. The results of these studies at AK, are 
presented in the following paragmphs. 

The initial amount of energy stored in the 
capacitor bank was determined from the 
equation 

where 
cv." W=-7 

2 

W = energy, joules 
G= capacitance, f 

V bank voltage, v 

When all other factors are equal, the strength 
of the material determines how much deforma- 
tion results from a given amount of energy. A 4 ~  
the strength of the material increases, the 
amount of deformation decreases. Based on 
data from AK (ref. 5 ) ,  figure 3 shows the dif- 
ference in deformation produced by supplying 
equal amounts of energy to 4052-H32 and 6061- 
T6 aluminum alloys. The former has a yield 
strength of 23 000 psi minimum, while the latter 
has a yield strength of 35000 psi minimum. 
The increase in yield strength of 12 000 psi re- 
duced the plastic deflection by approximately 
0.035-inch for the various energy levels investi- 
gated . 

Bonk Energy, IO' joules 

0 I 2  3 4 5 6 7 0 9 10 I1 12 
VOl lS  I 10' 

L ' 1 I  1 0 s  8 " " ,  

0 I3  26 39 52 65 70 
Magnetic Flux. 039~0u55e5 

104 117 130 143 I56 

Figure 3.-Plortic dellection at the cenkr of free-formed alu- 
minum h e i r  prodvird by e!c:?:=-=~~e!lc ke-mrrs aper- 
ated a* various energy levels (ref. 5). 

A change in thickness of the sheet material 
being deformed will have a similar effect on the 
amount of deformation obtained. Figure 4 
shows that the amount of deflection decreases 
with increasing material thickness for the same 
energy level and coil design (ref. 5). Since the 
plots appear to be linear with respwt to energy 
for both material strength and thickness, it 
would be expected that the deformation should 
be predictable by the standard engineering de- 
flection formulas. The change of slope of the 
plot in the case of changing material thickness 
lends credence to  this opinion. 

If the deforming section is considered as a 
diaphragm with simply supported edges and a 
uniform load, the maximum deflection in the 
elastic range would be 

2wr4 D=- 
3Et3 

where 
D = deflection, inches 
zu = distributed load, psi 
T= radius, inches 
E= modulus of elasticity, psi 
t = material thickness, inches 
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0 0 100 In thick 
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I I - 
I 

16s  

0 IS  

0 .  

Y I  I 6061 - T 6  olu-inum alloy 
3937- In coil diornetn. 10 turns 

I I I I I I  

l ~ ~ ~ * I I I I I I l  

0 26 S2 78 104 130 IS6 I82 208 234 X O  286 
Mognetnc Flux. 10' gnuires 

0 I 5  

Figure 4.-Effect of discharge energy on the plastic deforma- 
tion produced by electromagnetic hammers on free-formed 
aluminum sheets of three different thicknesses (ref. 5). 

. I50 ,,f capacitance 
6061 - T 6  oluminum alloy - 
0050 inch thlck 

I I I I I .  

I f  do/dr, the slope of the stress-strain diagram 
in the plastic region, is substituted for E ,  the 
formula should hold reasonably well for the 
case of plastic deformation. Therefore, the 
change in yield strength as reflected in E is in- 
versely proportional to the deflection, so that 
deflection-energy plots for materials with the 
same modulus but different strengths would be 
expected to be parallel as shown in figure 3. 
Since the deflection is inversely proportional to 
the cube root of the thickness, data plotted as in 
figure 4 should not fit parallel trend lines. 

The effect of coil diameter on the amount of 
deformation obtained in the AK studies is given 
in figure 5 (ref. 5). It appears that an increase 
in coil diameter will result in a decrease in 
deformation for a given number of coil turns 
and energy level for thin-sheet materials. This 
is probably due to spieading the same amount 
of energy over a larger area so that more energy 
is used in simply overcoming the elastic limits 
of the material before plastic deform a t' ion can 
be initiiited. 

An apparent effect of changing coil induct- 
ance is seen in figure 6 for the amount of defor- 
mation produced by coils with the same diam- 
eter and energy level but with a different num- 

Bank Energy. IO' Joules 
07SO I 5  3 0  4 5  6 0  I S  

2 2 s  I I ' I I I  I l I l I  1 1  I I 
I Legend ' 

2 10 1 0 7 8 G d i a m  cal .  6 7 turns 

Figure 5.-Plastic deflection at the center of free-formed alu- 
minum sheets for various energy levels discharged through 
coils of different diameters (ref. 5). 

ber of turns (ref. 5). The coil with the larger 
number of turns gave the greatest amount of 
plastic deflection for a given energy level. The 
load applied in electromagnetic forming is not 
uniform over the entire surface of the work- 
piece under the coil (ref. 1).  The effects of 
coil size and energy level on the deflection of 
free-formed sheet aluminum are shown in figure 
7.  The radius of the deformed material de- 
creases with increasing energy for both the 4- 
and 12-inch-diameter coils used by RA in their 
study. However, the decrease in dome radius 
with increasing energy appears to be less Severe 
with the larger coil than with the smaller as 
might be expected from figure 7. A 240-pf 
capacitor bank was connected to the magnetic 
coils through a vacuunl switch and coaxial leads 
in this test series. The material \vas free-formed 
without the use of any backing tooling. 

Exact solutions for the design of :LI~ electro- 
magnetic hammer are not available, SO that,'only 
general trends obtained from experimental coils 
have been presented. Exact solutions may be 
possible, but would probably require a highly 
sophisticated computer program for each coil 
:Lpplication. At  least two problems must be 
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volts I IOJ 

Figure 6.-Plartic deflection and energy for two coils of the 
same diameter but different number of turns (ref. 5). Increasing parameter 

.______________ 0-4 A;"mntnr  

Number of wire turns in coil _ _ _ _  _ -  _ _ _ _ _  
Energy stored in discharge unit- - - - - - - - 
Distance between coil and workpiece--- - 
Material strength- - - - - - - - - - - - - - - - - - - - 
Material thickness _ _ _ _ _ _ _ -  - _  _ _  - - - - _  _ _  
Material resistance- - - - - - - - -. . - - - - - - - - 

""I. - - -. solved to obtain the exact soiutions; (1) z a g -  
netic fieici distribution of the coil includisg 
effects of the workpiece and (2) mechanical 
behavior of the workpiece under various field 
distributions. With solutions of those two 
problems, i t  might be possible to optimize the 
coil designs for various workpiece materials, 
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of a total electromagnetic forming system. A 
more detailed treatment of the electrical aspects 
of coil design is given in the Appendix. 

MANUFACTURE OF EXPERIMENTAL ELECTRO- 
MAGNETIC COILS (ref. 1) 

During the development of the electromag- 
netic hammer at  RAC, two sizes of coils were 
made and tested. The first coil, shown in figure 
8, was 4.12 inches in diameter and contained 10 
turns. The second coil, shown in figure 9, was 
11.94 inches in diameter and contained 40 
turns. The coils were encapsulated in epoxy 
plastic which was molded into a piston-like 
shape. These coil designs were used for the 
experimental forming of aluminum sheet up to 
0.500-in~h gage. Other coil designs might be 
preferable for other forming operations or 
materials. 

During the program a number of epoxy-resin 
compositioiis were explored to determine which 
would give the best results in service under 
various loading conditions and temperatures of 
operation. The epoxy plastic which could be 
cured at room temperature (C-100) was rela- 
tively soft and did not crack under the impact 
loads developed in the experimental testing at  
RAC. However, the heating resulting from 
repeated disch~rges caused softening and dis- 
tortion. The coil could not be operated above 
150’ F. A thermal-setting epoxy resin was 
found to be satisfactory in ‘the experimental pro- 

8 I 0.090-in coated copper 
r ibbon in a continuous wrap 
with 12- in leads (apprax 
14 f t  req’d) 

Laminates between 
colls(8p9o8- 181) \If 

gram for encapsulating coils which could- op- 
erate continuously at temperatures up to 350’ F. 
It had the following composition : 

W t  % 
55.5 Epirez 5091 (Jones-Dabney Company) 
33.3 LP3 (Thiokol Chemical) 
11.2 Curing Agent “2” (Shell Chemical) 

Coils 4 inches in diameter encapsulated with 
this plastic withstood discharge energies of 7500 
to 9500 joules at  a rate of five discharges per 
minute for a total of 75 discharges without dis- 
tortion or softening of the plastic. A coil tem- 
perature of 150” F was measured at  the 
completion of the test. 

The room-temperature-cured plastic should 
be satisfactory for low-energy slow-discharge 
electromagnetic-coil applications. The high- 
temperature-cured plastic must be used, how- 
ever, where the coils are to be cycled a,t a high 
rate. 

Procedure Used for the Manufacture of Experi- 
mental 4-Inch-Diameter 10-Turn Coil (ref. 1) 

(1)  Wrap wire and BP908-181 epoxy-impreg- 
nated glass-cloth strip, or equivalent,, for 
10 turns. Coil laminated as follows: first 
3 turns with 3 laminates, next 4 turns with 
1 laminate, and last 3 turns with 3 lam- 
inates. 

(2) Apply Scotchweld EC1386 adhesive ( M h -  
nesota Mining & Mfg. Co.) to both coil 
faces, filling voids. 

- 

Dimensions in inches. 

f i l led f lush 
with face 

Figure 8.-Four-inch-diameter 10-turn electromagnetic coil (ref. 1). 
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$ x 0.090 -in coated copper 
r i b b o n  in a continuous wrap 
with 30 - in .  leads (approx. 

I 100 f t  req'd) 

Figure 9.-Twelve-inch-diameter 40-turn electromagnetic coil (ref. 1 I .  

(3) Oven cure for 1 hour gt 350" F using pres- 
sure plates against each coil surface. 

(4) Wrap coil compieteiy using BP%8-i8i (or 
equivalent) epoxy-impregnated glass cloth. 

(5) Oven cure for 90 minutes at 325" F. 
(6)  Encapsulate coil using -100 epoxy resin,' 

and cure at room 'temperature. 
(7) Cement rubber block of 90 Durometer hard- 

ness to cured epoxy face, using epoxy-resin 
adhesive (as in item 6 above) and cure a t  
room temperature. 

(8) Cement aluminum plate to rubber block, 
using epoxy-resin adhesive (as in item 6 
above) and cure at room temperature. 

Procedure Used for the Manufacture of Experi- 
mental 12-Inch-Diameter 40-Turn Coil (ref. 1) 

(1) Wrap wire and BP908-181 epoxy-impreg- 
nated glass-cloth strip, or equivalent, for 
40 (turns with the coil laminated as fol- 

Composition : 
wt % 
51 Epirex 5091 (Jones-Dabney Company) 
43.8 LP3 (Thiokol Chemical) 
5.2 Diethylenetriamine 

Double strand f i rs t  
loop and lead 
(silver solder) 4 
- 'L 

T S i n g l e  strand 

-0.75 PtywOod 

lows : first 3 turns with 3 laminates, second 
3 turns with 2 laminates, next 28 turns 
iykh 1 hxiixik, next .? t,iirns with 2 lami- 
nates, and last 3 turns with 3 laminates. 

(2) Oven cure for 90 minutes a t  325' F, using 
pressure plates against each coil surface. 

(3) Apply Scotchweld EC1386 adhesive 
(Minnesota Mining & Mfg. Co.) to both 
coil faces, filling the voids. 

(4) Oven cure for 1 hour at  350" F, using pres- 
sure plates against each coil surface. 

(5) Wrap coil completely using RP908-181 
(or equivalent) epoxy-impregnated glass 
cloth, applying 3 laminates on each coil 
face and 10 laminates (strips) around 
outer periphery, and enclosing the entire 
coil with 1 covering layer. 

(6) Oven cure for 90 minutes a t  325" F, using 
pressure plates against each coil surface. 

(7 )  Locate coil in phenolic-impregnated glass- 
cloth cylinder (item 10 for manufacturing 
instructions) and encapsulate coil using 
epoxy resin and room-temperature cure. 

702-790 0-w--3 7 



(8) Cement plywood backing to epoxy face, 
using epoxy-resin adhesive (as per item 
7 )  and cure a t  room-temperature. 

(9 )  Pot plywood backing to phenolic-impreg- 
nated glass-cloth cylinder using epoxy- 
resin adhesive and cure at room-tempera- 
ture. 

( 10) Manufacture phenolic-impregnated g l ~ s -  
cloth cylinder as follows: 

(a )  Wrap tightly 6 turns of phenolic- 
impregnated glass cloth 6 inches wide 
around 11.70-inch-diameter mandrel. 

(b) Cover wrap glass cloth with adhesive 
tape. 

(c) Oven cure for 3 hours at 350' F. 
(a) Remove from mandrel and pee1 outer 

wrap, including adhesive tape cov- 
ering. 

ENERGY-CARRYING CAPACITIES OF EXPERI- 
MENTAL ELECTROMAGNETIC COILS (ref. 1) 

Destruction tests were run by RAC on both 
the 4- and 12-inch-diameter coils. The 4-indi 
coil was tested with a 240-pf capacitor bank, co- 
axial leads, and a vacuum-discharge switch. 
The total system had a ring frequency of 4600 
cps. It was found that 14000 joules could be 
withstood by the 4-inch-diameter coils on this 
system without any visible sign of failure. An 
energy level of 17 800 joules resulted in spalling 
of the coil plastic face, while 20 000 joules sep- 
:irated the coil froin the plastic body. As the 
energy level \vas increased to 25 000 joules, the 
glass-cloth insu1:ition separated from the coil 
face, and finally at 27 500 joules, the lends broke 
away from the coil. All of the coil destruction 
tests were run with the coil rigidly attached to :I 
1/8-inch-thick :iluminum sheet. 

The 12-inch-diameter coil wis connected 
tlirougli co:txial lines :ind a vitcuum switch to a. 
960-pf cnpacitor bank. The coil was attached to 
:i ~~- i~ i r l i - t h i ck  :iluminum plate during the test 
and the energy level w n s  increased to 48 000 
joules with no visible sign of dxni:lge when 
tested on the Republic Aviation elect ric*-tlis- 
c.li:trge system. 

The 4-incli-di:tmeter coil operated a t  it11 

energy level of 12 000 joules p1:ist icxlly tleflected 
:L 0:400-inch-tliick :iluminum sheet 0.070 inc~lles 
at the center of the coil. The l~-incli-diameter 
coil operated at :in energy level of 8500 joules 

provided a deformation of 0.050 inch in a Q.200- 
inch-thick aluminum sheet with heavy stif- 
feners. 

APPLICATIONS FOR THE ELECTROMAGNETIC 
HAMMER 

There should be many applications for the 
electromagnetic hammer in metalworking op- 
erations where relatively uniform pressure is to 
be applied over a localized area. Most other 
metalworking processes involve the use of tools 
which contact the material over the area to be 
formed and cause nonuniform deformation. 
The greater uniformity of deformation obtain- 
able by this process has been demonstrated in 
work on removing the distortion from large 
welded rocket fuel tanks. Any other type of 
distortion which can be corrected by slight bend- 
ing or stretching of the metal might also be 
considered an application, such as removal of 
heat -t rent ing distort ion. 

The coils can be made small and light for 
portable tooling and connected to a remote 
power supply by cables. A portable tool with 
the unusu:~l capabilities of the magnetic ham- 
mer would seem to hare a potential for use 
along assembly lines for the removal of dip- 
tort ion from sheet -metal-formed components. 
The automobile or appliance industry might 
find such equipment a iiseful addition to  their 
assembly lines. 

The best applicntion for the tool appears to 
be in operations which require small deflections 
of an area of sheet- or plate-formed parts to 
bring them to the desired contour. Such op- 
erations do not generally require additional 
tooling and can be conducted by :I semiskilled 
craft sirinn. 

One limitation of the process is that it can be 
used only when no c1i:inge in surface area or 
when only n slight :imount of stretching is de- 
sired. Compressioii or shrinking of the metal 
to the desired contour is not possible withont ad- 
ditionnl tooling. 

Coils which could be cycled rapidly to pro- 
t1uc.e repeated impnrts might be used for such 
operations as nietnl spinning. The lack of con- 
tact hetween the tool and workpiece would be 
especially desirable when ii high-quality surface 
finish is desired. The electromatic hammer 
might prove useful for other metalworking op- 
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erations requiring the application of a load on 
a small area of the workpiece at any one time. 
The possibilities are limited only by the imagi- 
nation of future engineers who have specialized 
requirements for new methods of metalworking. 

The research which has been carried out by 
NASA has shown the capabilities of the process, 
and it is now the commercial applications which 
will reap the harvest from this unique innova- 
tion for metalworking. 

9 



Appendix: BACKGROUND 

ENERGY SYSTEM 

CONSIDERATIONS IN MAGNETIC HAMMER DESIGN 
AND OPERATION 

One of the most important advantages of the 
capacitor discharge technique is the ability to 
deliver extremely large amounts of power into 
a relatively small space. Even a fairly modest 
discharge supply can deliver electrical impulses 
in the millions of kilovolt-amperes. The 
method can be used where power is required 
over only a short time interval, or a succession of 
intervals. The basic ingredients of a capacitor 
discharge system include a power supply to 
charge the capacitors, the capacitors themselves, 
a heavy-duty switching device to close the cir- 
cuit between the capacitors and energy trans- 
ducer, and the transducer. 

The basic arrangement of the component units 
of the energy system are illustrated schemati- 
cally in figure 10. 

Enerav 
Power Supply Troniducer 

Coil or 
Forming 
Head 

Capacitor 
Bonk Switch 

Transmission Lines 

U 
Figure 1 0.-Schematic arrangement of energy system. 

Power Supply (ref. 6 )  

The power supply performs the function of 
converting the ;ivnilable commercial alternnt iiig 
current (w) into direct current (dc)  for c1i:irg- 
ing the capacitor bank, (’. V:irious simple 
means for controlling the circuit used are con- 
sidered helow. The capacitor charge voltage 
levels commonly used are 3 to 20 kv or 30 kv. 

A conventional oil-filled trmsfornier wi th  
tube rectifiers is generally used in  the p o w e ~  
supply because of the high voltage ~~qiiireinent. 

The “charging time” desired generally deter- 
mines the power-supply size and cost, since 

faster charge cycles rqu i r e  higher continuous 
current outputs. 

Several charging methods are used, such as 
the monocyclic network, the Marx surge charge 
circuit, constant-current, charging, and the 
simple resistance-limited charging scheme. The 
last two types may be the most common and 
simplest, except where very fast charges are 
required. 
-1 variable autotransformer in the primary 

of the power-supply transformer can be used 
to adjust the transformer output voltage SO 

to provide fairly good, constant-current, charg- 
ing. On the other hand, the high-voltage and 
pori-er-dissipation problems associated with 
resistance-limited charging can be alleviated 
somewhat by immersing the limiting resistors 
in transformer oil. 

Capacitor Bank (ref. 6 )  

Generally, capacitok specifically intended for 
rapid discharge service are preferable, espe- 
cially when various new experimental arrange- 
ments are being evaluated. Energy storage 
capacitors can be roughly categorized as slo\v, 
medium, or fast, according to the internal in- 
duct:\nce which controls the maximum possible 
speed of discharge, or, to put it another way, 
wcording to the c:Lpcitor ring frequency. The 
cnpacitor ring frequency sets the upper current 
and frequency limit in an electric discharge 
system. Generally, tlie “medium” capacitors 
with ring frequencies of 100 to 200 kc are the 
types most suitable in magnetic forming. 
-1 typical cost figure for capacitors of this 

type is 10 to 15 cents per. joule, while tlie cost 
per. joule based on a completely packaged sys- 
tein (charger, capncitors, : ~ n d  switching) ca11 
r.un as  high RS 50 cents or more per joule. These 
c;ipac.itors have a finite life span, however, and 
typical guarantees r:tnge all tlie way from 
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1000.to a few million or so maximum level dis- 
charges, depending on the percentage of voltage 
reversal. Although individual energy storage 
capacitors are available in ratings of a few 
tenths to several hundred microfarads at volt- 
ages from 3 kv to over 100 kv, most systems cur- 
rently in use are rated 20 kv or less, to minimize 
dielectric breakdown prdblems. 

Capacitor life expectancy depends very much 
on the following parameters : 

Voltage Stress. Operation at 75 per cent 
or less of the rated voltage usually can 
be expected to increase life expectancy 
by a factor of 7 to 9. 
Ringing Frequency. Operation at about 
30 per cent of the capacitor ring fre- 
quency will increase the life expectancy 
by approximately half, and the relation 
is almost linear. 
Voltage Reversal. Controlling voltage 
reversal to achieve 50 per cent of the 
rated value can be expected to provide a 
life increase of perhaps 300 per cent. 
Time m Charge. It is difficult to assess 
derating due to this factor, but it is cer- 
tainly true that long times at full charge 
decrease life expectancy. Ambient-tem- 
perature considerations generally are not 

apparatus. 
lTL.cc~l 6f & --..Ll,.- piuuitjiii in t j .?id f~rmiag 

During operation in a fast discharge circuit, 
the capacitor terminals may  be subjected to 
very high electromechanical forces. Rigid 
construction techniques should ‘be used in con- 
necting the capacitors. The capacitor supplier 
prdbablyl can supply helpful information on 
connection details for tlie particular capacitors 
used. 

Switching Devices (ref. 61 

The heavy-duty switch that connects the 
circuit from the capacitors to the coil can be se- 
lected from one of at least three types. 

(1) Air Ionization Gap Switch. This type 
is comparatively simple and reliable and 
can handle up to 1/4 megajoule or more, 
but i t  is limited in operating-voltage 
range for a particular gap setting and is 
definitely noisy. Also, tests at MSFC in 
the 20-kv range show jitter character- 
istics of up to 50 psec in some versions. 

This is really not a problem when only 
one discharge a t  a time is required, but 
when synchronization is a requisite, i t  is 
definitely undesirable. 
PartialZy Evacuated Gap Switch. This 
type has the advantage of operation over 
a somewhat wider voltage and energy 
range. However, the vacuum equipment 
associated with operation of the switch- 
gear adds considerably to system bulk, 
complexity, and cost. This switch is con- 
siderably less noisy than the air ioniza- 
tion switch, however. 
Ignitron Switch. After some rather ex- 
haustive and time-consuming switch test- 
ing at MSFC, ignitrons were finally 
adopted for most of the forming circuits. 
Ignitrons require an ignitor, or trigger 
supply, but jitter characteristics are very 
good ; they carry high currents, are com- 
pact, and are virtually noiseless in opera- 
tion. The “A type 7703” seems to be a 
good choice for electrohydraulic and 
magnetic forming systems. 

When it-is desirable to “modulate” the capaci- 
tor bank output by means of programed dis- 
charge of several discrete bank elements, igni- 
trons are probably the best choice to satisfy all 
of the switching requiremenis. Tiley art: far 
more expensive than simple air ionization 
switches, however. 

Transmission lines (ref. 61 

The speed of discharge is limited by the capac- 
itors and coil only when the inductance of the 
connecting circuit is negligible. Coil induct- 
ances commonly are on the order of a few 
microhenries or less. A separation of only an 
inch or two between the going and coming con- 
ductors that carry tlie energy from the capaci- 
tors to the coil will introduce several micro- 
henries of inductance. I f  a very fast discharge 
is desired, very close spacings between wide 
parallel bus plates must be used, or a coaxial 
cable arrangement, so as to reduce the trans- 
mission-line inductaiice to negligible levels. 
The parallel, or flat-plate, line and coaxial cable 
are the two basic types of transmission line used 
in well-engineered electric discharge systems for 
€arming purposes. 
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Flat-Plate Line 

I n  designing a parallel plate line, the induct- 
ance and magnetic pressure generated between 
the closely spaced conductors are the primary 
items of interest. The inductance for a parallel 
plate transmission line is 

L=- Pod henrieslm 
W 

where 

p,=MKS vacuum permeability (4aX lo-') 
d=spacing between plates, m 

W=width of plates, m. 

The magnetic pressure generated between the 
plates is 

P=2*X lo-'* (ky atm 

where 
I=current, amp 

W=plate width, m. 

Parallel plate construction frequently offers 
the very lowest inductance, but has the great 
disadvantage of inflexibility, so it is usually 
best suited for current-collector duty, such as 
paralleling capacitors, or for those cases where 
flexibility is not required. I n  addition, extreme 
care must be exercised in laying up parallel 
lines, as there is frequently as much as 10 000 to 
20000 volts across the two plates, which are 
separated by only 10 mils of dielectric material 
in a typical installation. 

Coaxial Cable 

A coaxial cable, on the other hand, is easier 
to install arid has much greater flexibility. 
Then, too, the cable inherently has excellent 
force distribution ch:wacteristics because of the 
circular cross section. Also, voltage-breakdown 
problems frequently are less prevalent than with 
the parallel plate line, and the cable voltage 
ratings actually can be considerably exceeded 
in pulse applications such as magnetic forming. 

A special low-inductance cable is now becom- 
ing popular, and this inductance can be a. full 
order of magnitude lower than that of the RG 
8/U-type coaxial cable, for example. Multiple 
paralleling of cables reduces inductance even 
further. 

ELECTRIC DISCHARGE MODES (ref. 6 )  .AND 
MATHEMATICAL RELATIONSHIPS FOR CA- 
PAC IT0 R DISCHARGES 

AIthough the initial energy stored in the ca- 
pacitor bank is direct current in character, the 
current flow that occurs during discharge is a 
continually changing transient that is rich in 
alternating current components. The changing 
discharge current causes a changing magnetic 
field in the coil which induces currents in the 
work upon which the metal-forming forces de- 
pend. The actual character of the current that 
flows upon closing the coil-capacitor circuit of 
figure 10 depends upon the values of inductance 
(L), capacitance (C), and an effective re- 
sistance (R) attributable to resistance coupled 
from the work into the coil plus circuit resist- 
ance. The current flow can assume one of three 
modes : oscillatory, critically damped, or over- 
damped. Although fairly common in electrical 
engineering, no discussion of an electric dis- 
charge forming system can be considered com- 
plete without giving due mathematical consid- 
eration to these transients. Accordingly, a 
mathematical treatment of the three transient 
conditions is included in the following para- 
graphs. 

More frequently than not, the discharges are 
oscillatory. The overdamped mode is charac- 
terized by lower peak currents and relatively 
poor power transfer, so this mode usually is not 
desired. Perfect critical damping is almost im- 
possible to maintain during a discharge because 
of the dynamic nature of some of the circuit 
parameters. 

I n  magnetic-forming electric circuitry, the 
discharge current can follow one of the three 
basic modes of operation mentioned : oscillatory, 
critically damped, or overdamped. 

These cases are discussed individually, itnd 
mathematical relations useful in designing cir- 
cuits for electric discharge systems are provided. 
The following symbols are used in the di.4- 
cussions : 

R 
2L 

a=- 
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C=capacitance, farads 
e=2.718 

&=resonant frequency, cps 
E=voltage, v 

i(l,=current a t  any instant, amp 
I,,=peak current at “first maximum”, amp 

L=inductance, henries 
R =resistance, ohms 
t = time, sec 

t,,=time to current ‘‘first maximum”, sec 

Oscillatory Case 

For an RLC circuit to be oscillatory, the 
following applies : 

4L R2<- C 

The current a t  any instant is 

. E  
a(,)-- e-aL sin Bt -BL 

B tan-1- t““=B a 

The peak current a t  “first maximum” is 

The resonant frequency can then be found by 

B f,=, 

If R2<<4LIC, then the peak current equation 
can be reduced to: 

1-=E (g‘* 
Under these conditions, the resonant frequency 
is then 

c c 
L 
?! 
a 
V 

t 
Time __c 

a. Oscillatory Current 

Time - 
b. Approximately Critically Damped Current 

Time- 

c. Overdamped Current 

Figun 1 1 . U o d e r  of electric discharge bet. 6). 

Figure 11 (a)  shows a typical oscillatory dis- 
charge. Data are: energy, 500 joules; sweep 
rate, 100 psec/cm (for scale-expansion pur- 
poses) ; current, 40,000 amp/cm; load, 3-in coil. 

Critically Damped Case 

For an RLG circuit to be critically damped, 
the following applies 

4L R2,- 
C 

The current a t  any instant then is 

The time to current maximum, or peak, is 
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The peak current is 

Figure l l (b )  shows a discharge that is 
approximately critically damped. Data are: 
energy, 5000 joules; sweep rate, 10 psec/cm; 
current, 40,000 amp/cm; load, bridge wire i n  
water. 

Overdamped Case 

For an RLC circuit to be overdamped, the 
following applies 

4L R2>- C 

The current at any instant is 

. E  %(‘)=EL e-”‘ sinh Kt 

The time to  current maximum, or peak, is 

1 K tma,=- tanh-’ - K a 

The peak current is 

Figure l l (c)  shows an overdamped dis- 
charge. Data are: energy, 5000 joules; sweep 
rate, 10 psec/cm; current, 40,000 amp/cm; 
load, bridge wire in water. 

General Case 

This peak current of the discharge in an 
energy-storage application in general is given by 

This equation is a good approximation for most 
purposes. 

INSTRUMENTATION AND ANALYSIS 

The voltage applied initially to the coil upon 
closure of the discharge switch can be assumed, 
to a first approximation, to equal the direct- 
current charge level of the capacitors. I f  a con- 
tinuous, reliable voltage measurement during 
the discharge is desired, considerable care 

should be exercised in arranging the measdring 
system. Because of the rapidly changing volt- 
age, the use of a properly compensated attenu- 
ator is probably mandatory. Also, considerable 
care in design and means of connection is called 
for in any high-voltage circuit. A third com- 
plication involves possible spurious voltages in 
the attenuator or lead-wire circuits as a result 
of capacitive effects and electromagnetic cou- 
pling with the very large currents circulating 
in the discharge system. 

Two methods of discharge-current measure- 
ment used most frequently are the conventional 
current-shunt approach similar to the technique 
used at  lower powers and frequencies, and the 
use of a pickup coil similar in construction to a. 
current transformer. I n  using a current shunt 
directly in series with the main current, the 
shunt should be located in the ground-return 
circuit to avoid high voltages in the instrument 
circuits. Since it is possible for such a shunt 
to become open circuited by overheating, result- 
ing in hazardous and d:mgerous voltages in the 
instrument circuits, shunts are not preferred for 
high-current work. For lower current work 
and for calibration of other current-measuring 
devices, any shunt that is used must be designed 
to provide low inductance. Two versions of 
low-inductance shunts are the folded ribbon, or 
“Martin’ type (ref. 7) ,  and the coaxial type (ref. 
6) .  Electrical compensation generally is not re- 
quired with the current shunt and its resistance 
can be selected to permit direct display of the 
output by means of an oscilloscope. The meas- 
uring leads should be shielded to decrease 
pickup voltages from the discharge circuit. 

The pickup-coil method for current measure- 
ment usually employs a toroidal coil that is 
constructed with sufficient insulation to permit 
its use directly on a high-voltage conductor. 
The coil design is sometimes referred to RS a 
“Rogowski Coil’’ (refs. 7 and 8). An air-core 
design generally is used to extend the frequency 
response, \\-it11 the current to be measured pass- 
ing through the central opening of the toroid. 
Inasmuch as the pickup voltage is :I differential 
function of tlie discharge current, an integrat- 
ing circuit is used to compensate the pickup 
voltage depending on the characteristics of the 
pickup coil. Simple R-C circuits have been 
found to permit good calibration in terms of 
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the' signal provided by shunt-type measure- 
ments. 

Considerable information has been obtained 
at 'MSFC through the use of microflash photog- 
raphy for detecting forming sequences and 
rates (ref. 6) .  A microflash unit available from 
Edgerton, Gerneshausen, and Grier provided 
known flash repetition rates which could then be 
used to determine average deformation rates in 
a multiple exposure by noting the succesive PO- 

sitions of an index line on the specimen. Form- 
ing rates of up to 9000 cps were measured in 
swaging of aluminum tubing. Optical ar- 
rangements with photodetectors also are fre- 
quently used to measure rates and amounts of 
deformat ion. 

SAFETY 

I Because of the high voltage and large 
amounts of stored energy present in charged 
capacitors, experimentation with capacitor- 
discharge systems requires extra attention to 
safety precautions. Work crews should consist 
of a t  least two men familiar with artificial re- 
suscitation. 911 discharge equipment of ex- 
perimental and final types should be fitted with 
thorough interlock and shorting-bar system. 
Qr? t ! ~  other hand: upon the conclusion of ex- 
periment, and the assembly of working equip- 
ment with adequate insulation in closed cubicles, 
the capacitor discharge unit is probably no more 
dangerous than inany home appliances. 

ELECTRICAL ASPECTS OF COIL DESIGN 

The electrical design of the coil for a mag- 
netic hammer is concerned with defining the 
coil parameters which influence the electrical 
characteristics of the coil. Such parameters 
are the physical size, wire size, wire conductiv- 
ity, number of turns, and the coil configuration. 

The physical size of the coil is determined 
primarily 'by the area of metal to be formed, 
with the coil area to be approximately equal to 
the forming area. Experiments at RAC on 
forming 0.125-inch, 7075-0 aluminum demon- 
strate that the area formed is essentially equal 
to the a m  of the forming coil and independent 
of the discharge energy (ref. 1). 

The size and type of wire to be used in the 
coil is influenced by a number of factors. It is 
apparent that  a minimum amount of energy 
should be dissipated as heat in the coil; this 

would require minimizing the resistance of the 
coil windings. Since the discharge current is 
usually oscillatory for magmtic hammer appli- 
cations, the skin depth can be small and the cur- 
rent confined near the surface of the wire. 
Therefore the surface area of the wire used 
should be large in order to minimize the resist- 
ance; flat conductors are generally used for 
electromagnetic forming coils. Also, of 
course, the mire should have good conductivity. 
The wire size is also influenced by the total 
number of turns desired, since the coil diameter 
is fixed. An additional very important factor 
influencing the wire size is the mechanical 
strength required of the coil, and this factor will 
probably dominate the choice of wire size. 

Tlie number of TilrnS desired on the coil de- 
pends in a complex fashion on a variety of fac- 
tors. I n  order to accomplish any forming it is 
necessary that the magnetic field exert sufficient 
pressure to exceed tlie yield strength of the ma- 
terial. Since the field is proportional to the 
number of ampere turns in the coil, it might ap- 
pear desirable to maximize the number of turns. 
However, the maximum current flowing in the 
coil is inversely proportional to the coil induct- 
ance, and thus decreases as the number of turns 
ixrezses. Exfimining these relationships in 
more detail, the maximum magnetic pressure is 
proportional to (NZ,,,,,) 2, while for an un- 
derdamped discharge where L> > CRs, 
I,,,,,, = V d C / L .  where V is tlie voltage applied 
to the capacitor bank. Now for a spiral pan- 
cake-type coil, the inductance can be expressed 
in the form L=oiV+bNZ, where CI and b are 
constants depending on the coil shape and di- 
mensions. With this expression for the induct- 
ance, the maximum magnetic pressure becomes 
proportional to 

N 2 / ( a N + b N 2 )  orl / [ (a /N) + b ] .  
Thus, it appears that increasing the number of 
turns will have no effect beyond a value which 
makes a/N small compared with 6. For the 
normal spiral, a is usually small compared with 
b ;  thus the maximum magnetic pressure would 
appear to be essentially independent of the 
number of turns on the coil. 

The minimum number of turns the coil musl 
have will be determined primarily by the in- 
herent inductance of the capacitor bank and the 
transmission lines connecting the bank to  the 
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coil. I n  order to insure that the electrical 
energy stored in the capacitor bank is converted 
predominantly into magnetic energy which can 
be utilized in forming process, the ratio of the 
coil inductance to the inductance of the capac- 
itor bank and transmission lines should 'be as 
large as practicable. The desired system induct- 
ance ratio will determine the minimum number 
of turns, while the maximum number of turns 
will be limited by the physical size of the coil 
and the requirement for maintaining a small 
coil resistance. 

Magnetic Design 

The magnetic design of a forming or mag- 
netic hammer coil appears to be largely em- 
pirical in nature. This analytical determina- 
tion of an optimum design would be a very dif- 
ficult task and would require a better under- 
standing of the physical mechanisms involved 
in the forming process than is currently avail- 
able. I t  is known that the total magnetic force 
on a given volume of material can be obtained 
by integrating the Maxwell stress tensor over 
the surface area of the volume. However, de- 
termining the magnetic field values to use in 
evaluating the stress tensor requires the solution 
of a second-order partial-differential-boundary- 
value problem, which is very difficult for most 
geometries. In  the case of a flat spiral coil being 
used for hammering essentially flat, metal sheets, 
the magnetic pressure at a point is given by 
R2/8* in gaussian units, where R is the radical 
field of the coil in the presence of the workpiece. 

The magnetic-field distribution of a given coil 
in the absence of the workpiece can be measured 
easily or can be computed, although not so 
easily if the coil is not wound uniformly. In  
general, for a uniformly wound spiral coil, the 
radial-field component has approximately a si- 
nusoidal distribution across the coil, while the 
axial-field component can be described approxi- 
mately by a displaced cosine distribution. These 
are shown for :I particular coil in figures 12 and 
13 (ref. 5). Also on these figures are sho\vn the 
field distributions at the coil surface, when in 
the presence of a Y2-inch aluminum sheet placed 
V8-inch away from the coil. It is apparent tllitt 
the maximum radial field strength increases, 
while the axial-field components decrease. To 

relate the free-space field strengths with the field 
strengths in the presence of the workpiece is 
very difficult, since the presence of the workpiece 
changes the apparent inductance and ac resist- 
ance of the coil, thus modifying the discharge 
characteristics &s well as the field distributions. 

Some general comments regarding the mag- 
netic effects of the coil can be made, even if 
quantitative results are not available. It is 
desirable that the discharge rates and the con- 
ductivity of the workpiece be high enough SO 

that essentially no magnetic field penetrates the 
workpiece. I n  other words, the skin depth in 
the workpiece given by 6= (l/u)/d,rfpu where f 
is frequency, p is the magnetic permeability, and 
u is the conductivity of the workpiece, should 
be less than the thickness of the workpiece. 
This is necessary for optimizing the net force 
on the workpiece avitilable for forming. I n  ad- 
dition, the workpiece must have good electrical 
conductivity to prevent dissipation of the mag- 
netic field energy in heating the workpiece. This 
is what happens in general when magnetic form- 
ing of stainless is attempted, where the energy 
goes into heating the mnteriill and little defor- 
mation results. 

RECOIL OF ELECTROMAGNETIC HAMMERS 

For the 4-inch-diameter coil previously de- 
scribed, a l-inch-diameter air cylinder operating 
a t  90 psi provided the necessary damping action 
and returned the coil to the working position 
after each discharge (ref. 1). The coil and air 
cylinder were mounted in a Micarta cylinder 
which in turn could be attached to the part to 
be deformed. The 12-inch-diameter coil covered 
sufficient area that no air cylinder was required 
to overcome recoil. Instead, the coil was loose- 
ly mounted in a closed-end cylinder so that, cap- 
tive air during discharge was sufficient to return 
the coil to the workpiece. 

An analysis of the recoil velocity for three 
different coil sizes wts mttde by Advanced 
Kinetics (ref. 5 ) .  The c1i:wacteristic.s of the 
coils used in their stildy itre given in t:tble 11. 
Measurements were nittde of the coil recoil speed 
as influenced by the input energy to the coil. 
These data are plotted for the 3.937-, 7.875-, and 
11.811-inch coils in figures 14, 15, and 16. It 
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. 

Figure li.-Radial magnetic flux distribution for a 4-inch coil with and without the workpiece kef. 5). 
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Figure 1 O.-Axial magnetic flux distribution for a 4-inch-diameter coil with and without the workpiece (ref. 5). 

17 



Voltage, to3voits 
1 2 3  4 5 6 7 8 9 IO 

I 1  1 1 I I 7’ I ’  
0 Recoil distance (undamped) 

40 

35 

30 

25 
V 
W c 
E 
5; 

0 20 0 
W > 

4- .- 

- 
- .- 
0 
V 
Q) 

15 

IC 

! 

I 

A Recoil velocity 

0 Recoil time 

I 2 
Bank Energy, IO3 joules 

3 

52 

30 

28 

26 

24 

22 

20 
0 
W 

18 - a# 
16 E 

- .- 
0 

14 % cc 

12 

IO 

8 

6 

4 

2 

0 

1.16 

).I4 

3.12 

3. IO 
c - - 
8 c 
E) 
4- 

0.08 
- .- 
8 
8 

0.06 

0.04 

0.02 

0 

Figure 14.-Recoil data for hammer 1A described in table II (ref. 5). 
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Figure 15.-Recoil data for hammer II described in table II (ref. 51. 
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Figure l&-Recoil data for hammer 111 described in table II (ref. 5). 
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WLS found that the coil starts moving approxi- 
mately 200 p ser itfter the field reaches its maxi- 
mum energy. This time corresponds to t l~e time 
required for a sound wave moving at a velocity 
of 600 m/sec (typical for this plastic) to traverse 
about 10 cm of reinforced plastic insulation in 
the coil interior. where 

The recoil velocity can be calculated from the 
following equation provided an estimate of the 
field strength B can be made: 

R@tf u=- 
8M 
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U=velocity, cm/sec 
Ro=coil radius, cm 
B=field strength, gauss 
t,=*time of the pulse, sec 

M=coil mass, g 
B= 1/6(B,)* 
B,=the peak field in contact with the work 

gauss. 

Since the calculation and measurements of recoil 
were obtained from a massive fixed workpiece, 
the results for a deformable workpiece would 
be somewhat less. The calculated recoil velocity 
can, however, be used to design for the maxi- 
mum recoil conditions which might occur of 
the coil were to be accidently discharged close 
to a solid structure. 

The effect of the number of coil turns or in- 
ductance of the coil on the system was deter- 
mined by comparing the measured recoil from 
two coils, 1A and lB, with the same diameter, 
3.937 inches, but different numbers of turns- 
5 ,  7, and lo, respectively. The coil with the 
higher inductance and greater number of turns, 
lB, gives the greater recoil velocity for the same 
amount, of field strength. This was attributed 
io the greater time fnr discharge. A plot of the 
recoil velocity at various field strengths is given 
in figure 17. 

I n  general, it may be said that the lower the 
coil inductance is, the less the difficulty wit11 

recoil for a given energy level. The design of 
an adequate recoil mechanism should be sim- 
pler for a low-inductance coil. It appears that 
with the presently encountered field strengths, 
the mounting of the coil to some type of air 
chamber will be sufficient to overcome the re- 
coil problem a t  energy levels which may be 
encountered in the near future. 

Table 11.-Magnetic-hammer design and characterisiics (ref. 5) 

Figure 17 .Araph ic  comparison of recoil velocities VI. field 
for coils 1A and 1B described in table II (ref. 5). 

1A 

3.937 
5.7 
18.5 
0.98 
0.37 
0.17 

13 
10 

60 
200 
170 
220 
5.3 
4.1 

3.937 
10 
18.5 
0.51 
3.4 
1.1 

36 
22 

70 
260 
65 

105 
7.3 
6.5 

3.937 
10 
18.5 
0.98 
2.3 
0.77 

30 
18 

70 
200 
75 

125 
7.0 
6.2 

I1 

7.875 
6.7 
56.5 
1.5 
1.1 
0.39 

22 
14 

30 
130 
105 
160 
6.5 
5.2 

I11 

11.811 
6.5 
85 
1.97 
1.6 
0.56 

25 
16 

25 
85 

90 
140 
6.7 
5.7 

21 
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